Physiological mechanisms of irreversible hydraulic dysfunction in seedlings infected with pine wilt disease (PWD) are still unclear. We employed cryo-scanning electron microscopy (cryo-SEM) to investigate the temporal and spatial changes in water distribution within the xylem of the main stem of 2-year-old Japanese black pine seedlings infested by pine wood nematodes (PWNs). Our experiment was specifically designed to compare the water relations among seedlings subjected to the following water treatment and PWN combinations: (i) well-watered versus prolonged drought (no PWNs); and (ii) well-watered with PWNs versus water-stressed with PWNs (four treatments in total). Cryo-SEM imaging observations chronicled the development of patchy cavitations in the xylem tracheids of the seedlings influenced by PWD. With the progression of drought, many pit membranes of bordered pits in the xylem of the main stem were aspirated with the decrease in water potential without xylem cavitation, indicating that hydraulic segmentation may exist between tracheids. This is the first study to demonstrate conclusively that explosive and irreversible cavitations occurred around the hydraulically vulnerable resin canals with the progression of PWD. Our findings provide a more comprehensive understanding of stressors on plant-water relations that may eventually better protect trees from PWD and assist with the breeding of trees more tolerant to PWD.
Introduction
Originating in North America (Nickle et al., 1981; Futai, 2013) , pine wilt disease (PWD) is the most serious disease for Pinus forests of Japan, as well as those of other Asian countries (e.g. China, Korea, and Taiwan) and some European countries (e.g. Portugal and Spain) (Mota and Vieira, 2008;  discoloring and wilting of previous-year needles (Mamiya, 1983; Fukuda, 1997) . Later, infected trees exhibit discoloration of the whole crown, loss of resin exudation from wounded bark, and eventually death of the individual in the latter stages of infestation. Because needle discoloration and wilting are symptoms of this disease, many researchers have directed attention to the water relations of PWN-infected trees (Ikeda and Suzaki, 1984; Fukuda, 1997) . In general, infection by the PWN induces xylem hydraulic dysfunction, which can be observed as patches of dry areas in a cross-section of the stem xylem. Many researchers have detected the occurrence of xylem dysfunction in infected trees by visual observation (Ikeda and Kiyohara, 1995) , acoustic emission detection (Ikeda, 1996a; Fukuda et al., 2007; Kuroda, 2012) , hydraulic conductance measurement (Ikeda and Suzaki, 1984) , and, most recently, magnetic resonance imaging (MRI) as the newest non-invasive observation technique (Utsuzawa et al., 2005; Fukuda et al., 2007; Umebayashi et al., 2011) .
Cohesive force between water molecules creates a continuum in xylem conduits from the roots to the leaves (Tyree and Zimmermann, 2002) . Increasing tension along the water column can trigger xylem cavitation. As PWD progresses, pit aspiration occurs in the tracheids (Ikeda and Suzaki, 1984; Ikeda and Kiyohara, 1995) and the ray parenchyma (Nobuchi et al., 1984; Hara et al., 2006) , and the epithelium cells surrounding the resin canals become denatured (Ikeda and Kiyohara, 1995) . Therefore, the anatomical deterioration of pine trees infected by PWD can more easily permit xylem cavitation (Fukuda, 1997; Kuroda, 2008) . Less attention has been paid to the direct relationship between the decrease in water potential of needles and xylem dysfunction; nevertheless, many researchers have suggested that xylem cavitation in pine trees infected with PWD should be triggered by the increase of water tension and/or the increase of vulnerability with the denaturation of living cells in the xylem (Ikeda and Suzaki, 1984; Fukuda et al., 2007; Umebayashi et al., 2011) . For Pinus thunbergii Parl. (Japanese black pine) seedlings artificially infected with PWNs, Fukuda et al. (2007) reported that xylem cavitation started before a significant decrease in needle water potential. The occurrence of xylem cavitation in pine trees infected with PWD might have a specific mechanism(s) differing from those based on several 'airseeding' theories under increasing tension (Tyree et al., 1994) . Although MRI allows for the non-invasive observation of inner water contents, the maximum magnification of the image acquired by MRI is insufficient for the anatomical detection of water contents at the cellular level. To clarify the mechanism of xylem dysfunction in pine trees infected with PWD, it is necessary to observe and track which tracheids in xylem lose their water content with disease development.
The ability of trees to overcome hydraulic dysfunction under prolonged drought is important to better understand the impact of stressors on the ecophysiology of forests (McDowell et al., 2013) . The visual investigation of water dynamics in xylem has been conducted using cryo-scanning electron microscopy (cryo-SEM) (Utsumi et al., 1998; Yazaki et al., 2010 Yazaki et al., , 2015 , MRI (Fukuda et al., 2015; Umebayashi et al., 2016b; Ogasa et al., 2016) or X-ray computed tomography (Brodersen et al., 2013; Choat et al., 2016) . Surprisingly, little work has examined alterations in the water distribution in the xylem of coniferous species under fluctuating water regimes (Utsumi et al., 2003; Mayr et al., 2014; Choat et al., 2015 Choat et al., , 2016 Umebayashi et al., 2016a) . Despite the fact that coniferous species are sometimes assumed to be ineffective in refilling empty conduits (Utsumi et al., 2003; Umebayashi et al., 2016a) , studies have demonstrated the recovery of their conductivities with irrigation following prolonged drought (Brodribb and Cochard, 2009; Brodribb et al., 2010) or with rising air temperatures in spring (Mayr et al., 2014) .
Because inoculated PWNs have been found to migrate from the epidermal surface through the cortical and xylem resin canals into the tree stem (Ichihara et al., 2000; Mamiya, 2008; Son et al., 2010) , we hypothesized that irreversible xylem dysfunction is triggered by patchy cavitation of tracheids around the resin canals by PWNs. To elucidate the process and physiological mechanisms of the permanence of xylem cavitation caused by PWD for P. thunbergii, we compare the water relations of needles, branches, and stems among seedlings subjected to the following water treatment and PWN combinations using cryo-SEM: (i) well-watered versus prolonged drought (no PWN); and (ii) well-watered with PWNs versus water-stressed with PWNs. Coupled comparisons of water use of pine seedlings under fluctuating water supply (the drought-rehydration experiment) and under infection with PWNs (the PWN experiment) should clarify the intrinsic mechanism leading to the mortality of pine seedlings from PWD. We also investigated and chronicled how water shortages can affect the progression of disease symptoms of PWD because water stress of a tree might decrease its tolerance to the disease (Suzuki and Kiyohara, 1978; Mamiya, 1983; Miki et al., 2001) and even lead to the death of pine trees inoculated with avirulent PWNs (Ikeda, 1996b) . To our knowledge, this is the first study to compare and contrast the process and mechanisms of xylem cavitation for P. thunbergii that are induced by PWD and drought, thereby advancing our knowledge of the interplay between exogenous plants stressors and internal plant-water relations.
Materials and methods

Plant materials
Pinus thunbergii seedlings were germinated in the nursery of the Forestry and Forest Products Research Institute (FFPRI) in Tsukuba, Japan (36°00'N, 140°08'E, 20 m asl). In March 2012 and 2013, before new shoot elongation, 2-year-old seedlings (~50 cm in height and 1.3 cm in basal diameter) were transplanted to 4.8 liter pots filled with a 1:1 mixture of clay loam soil and Kanuma pumice soil. Slow-release fertilizer (mag-amp, N-P-K-Mg=6-40-6-15) was applied at a weight of 4.4 g per pot. After transplanting, the potted seedlings were well watered until they were transferred into the phytotron at FFPRI (Yazaki et al., 2015) , which is a naturally illuminated glass room. Due to the limitation of the space in the phytotron chamber, we conducted the PWN experiment in 2012, and the drought-rehydration experiment in 2013. The number of seedlings was 35 and 53 in the PWN experiment and in the drought-rehydration experiment, respectively. There were two chamber conditions: 'moist' and 'dry'. Room temperature and relative humidity of the moist chamber were controlled to 28/23 °C (day/night) and 60/70% (day/night), respectively, whereas those of the dry chamber were kept at 28/23 °C (day/night) and 40/60% (day/night). Relative light intensity just above the seedlings in the chamber was ~80% of the photosynthetic photon flux density of sunlight outside the chamber.
Experimental design
The experimental design is depicted in Fig. 1 . In the droughtrehydration experiments conducted in 2013, the seedlings were transferred into the phyotron chamber on 10 July. Following a month-long growing period, 49 seedlings were transferred to the dry chamber to increase transpiration demand by increasing the vapor pressure deficit from the leaves to the surrounding air. The seedlings were not watered until their midday needle water potential decreased to approximately -1 MPa to -3 MPa to obtain some physiological and anatomical parameters over a span of drought conditions. They were then re-irrigated, thereby representing the drought-rehydration treatment. Four seedlings were left in the moist chamber for the estimation of temporal changes with irrigation every 2 d or 3 d, thereby representing the well-watered trees.
In the PWN experiments conducted in 2012, 19 seedlings were continuously well watered by irrigating every 2 d or 3 d in the moist chamber (i.e. 'PWN+well-watered' trees). Another 16 seedlings were transferred to the dry chamber and subjected to drought conditions (referred to as the 'PWN+water-stressed' trees) by reducing the irrigation frequency to once per week. Those water regimes were applied for 3 months starting on 8 May 2012. Note that the irrigation Fig. 1 . Schematic of the experimental design of this study. Our experiment was specifically designed to compare the water relations among seedlings subjected to the following water treatment and PWN combinations: (i) well-watered versus prolonged drought (no PWN); and (ii) well-watered with PWNs versus water-stressed with PWNs.
procedure in water-stressed+PWN (irrigated every 7 d) was not the same as that in the drought treatment (no irrigation).
Pine wood nematode inoculation
With the exception of four seedlings in each treatment (wellwatered and water-stressed seedlings), all of the seedlings in both treatments were artificially inoculated with PWNs of a virulent isolate (Ka-4) on 25 July 2012 (i.e. 'PWN' treatment). The seedlings were inoculated by first incising the base of the main stem at ~1 cm above the ground with a surgical knife. Secondly, a piece of absorbent cotton was inserted and an aqueous nematode suspension (30 000 of mix-staged individuals) was dropped onto the cotton. The locus of the inoculation was covered with plastic paraffin film to avoid effluence and desiccation. For the control, distilled water was injected into four seedlings in each treatment with the same procedure. The abrupt discoloring of 1-year-old needles caused by inoculation of PWNs appeared within 10-15 d after inoculation.
Water potential
Pre-dawn water potential (ψ predawn ) and midday water potential (ψ d ) of 1-year-old needles was measured every 2 d or 3 d for 1-3 seedlings using a Scholander pressure chamber (Model 600, PMS Instrument Company, USA). At least two needles in each seedling were measured in the laboratory next to the phytotron. In the PWN experiments, brown needles of the seedlings of the PWD experiment were not chosen for the estimation of water potential measurement. The water potential of four saplings in each water regime of the PWN experiments was measured repeatedly until each seedling was sampled for the estimation of stem water relations. To ensure the equalization of the water potential gradient in the measurement of Ψ predawn , which possibly exists along the seedling, each seedling was covered with a vinyl plastic bag and placed in the laboratory room for at least 30 min prior to measurements.
Stem water relations
After the measurement of water potential, seedlings were sampled for both xylem hydraulic traits in branches and the water distribution in xylem tracheid of the main stem. In the droughtrehydration experiments, at least three seedlings in the drought treatment were sampled every 2-4 d. Well-watered seedlings (i.e. the control) were sampled on the 22nd day of the experiments. In the PWN experiments, 3-5 seedlings were sampled on the first day of the experiment and days when the visible symptoms of PWD were readily apparent (14-17th day), with one seedling subsampled every 2-4 d until the visible symptoms of PWD were observed. The evaluation of hydraulic dysfunction for the whole seedling was determined by examining the distribution of water in the lower section of the main stem using cryo-SEM. Because hydraulic measurements for branches sampled under the existence of tension (i.e. sampling at midday with sunny conditions) to the water column in xylem conduits might spawn a pseudo-decrease in conductivity owing to the appearance of artificial cavitation by cutting (Wheeler et al., 2013) , we employed a different approach. Specifically, a plastic funnel was attached to the lower part of the top shoot (current shoot) without needles, fixed with sealing tape, and then filled with water. The top shoot was cut under the water surface and submerged for at least 30 min to permit the release of negative pressure to the water column in the xylem conduits. Refilling of conduits by this relaxing procedure is reported to be negligible (Ogasa et al., 2016) . The relaxing procedure was not applied to the PWN treatment since we observed an abrupt decrease in ψ predawn and ψ d that was irreversible with sample irrigation after 10-15 d after inoculation.
Hydraulic conductivity
After measurements of water potential and tension relaxation, a 1-year-old branch showing visible symptoms of PWD was sampled and re-cut into a ~10 cm segment for the determination of hydraulic traits. A 1 cm length of bark was removed from both ends of the segment. Surfaces of both edges of the segment were smoothed using a disposable blade. All segments were prepared under water. Thus, the relaxation procedure was presumed to minimize the potential excision artifact of the PWN treatment. Xylem hydraulic conductivity of the segment (K h ) was gravimetrically measured with the hydraulic apparatus (Torres-Ruiz et al., 2012) combined with a vacuum chamber to provide a hydraulic driving force through the re-cut branch segment (Kolb et al., 1996; Sack et al., 2002; Melcher et al., 2012) . A 0.1 µm filtered 20 mM KCl solution was used for the measurement of K h . A vacuum pump was utilized to generate a driving force of 10 kPa. We acquired digital images of the transverse surfaces of both edges of the segment using a digital microscope (Dino-Lite, THANKO Inc., Tokyo, Japan) at ×50 magnification. Sapwood area (SA) was determined using image analysis software (Image J 1.48v, US National Institute of Health, USA, http://imagej.nih.gov/ij/). We calculated sapwood-specific hydraulic conductivity (K s ) as K s =K h /SA. Because flushing was unable to refill the segment in the PWN treatment for the determination of hydraulic conductivity in the fully filled water status, we used K s to estimate hydraulic dysfunction of the segments instead of the percentage loss of conductivity (i.e. PLC).
Cryo-SEM observation
Just after the sampling of a branch segment, a main stem of the seedling was frozen in situ by pouring liquid nitrogen into a plastic collar attached to the main stem at ~1 cm above the soil. The frozen stem segment was sampled after allowing at least 1 min for the xylem and water to freeze fully. The collar was then detached and the frozen stem segment was cut within seconds. Finally, the stem segments were subjected to a deep freeze at -80 °C in a deep freezer until cryo-SEM observation. We assumed that those specimens should not have experienced artificial cavitation in their conduits because the negative pressure was released by the relaxing procedure performed beforehand (Cochard et al., 2000; Umebayashi et al., 2016b) . The transverse face of the frozen sample was cleanly cut with a cryostatmicrotome (HM505E, Microm, Walldorf, Germany). The specimen transferred to the cold stage in the cryo-SEM (JSM-6510 attached cryo-SEM unit, JEOL Ltd., Tokyo, Japan) was subjected to etching at -90 °C for ~3-5 min. We observed the specimens with cryo-SEM under an accelerating voltage of 3 kV and cold stage temperature of approximately -130 °C. Two directions of radial files of tracheids were observed in each specimen. Cryo-SEM observations were conducted on 1-3 samples which showed typical visible symptoms of PWD on a given day in each experiment. We estimated the relationships between the water distribution of the main stem and water relations of the branches.
Estimation of the expansion of the cavitated area and spatial patterning induced by PWD
We estimated the cavitated area of the transverse surface observed with cryo-SEM in the PWN experiments. Digital images with a magnification of ×30 were used for image analysis using Image J software. The area selected for image analysis [region of interest (ROI)] in each image was the whole xylem area, excluding the pith and bark. The integrated total area of a lumen of an empty tracheid was measured. The percentage of cavitated area was calculated by dividing the total area of the empty tracheid by the area of the ROI×100. Note that the maximum percentage of cavitated area is not 100% because the ROI includes ray tissues, cell wall, and resin canals.
We estimated the spatial patterning of the occurrence of patchy cavitation associated with the location of resin canals from PWN infestation. We chose several cryo-SEM images (×30 magnification) showing typical patchy embolisms and hydraulic dysfunction induced by PWNs. The ROI was set over the whole of the observed transverse surface in each of annual rings in each image, excluding latewood cavitated prior to the experiment. Eventually, we obtained 16 images showing patchy embolisms from nine individuals sampled from the 4th to the 17th day of the PWN experiment. The center of the resin canals and the cavitated tracheids in each ROI were determined using Image J software. We applied the cross-type L function [L 12 (t)], which can statistically estimate the distribution of one kind of object relative to another kind of object within distance t of an arbitrary space, with the 'spatstat' package on 'R', version 3.3.3 (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org). The L function is a transformation of Ripley's K function, K 12 (t) (Ripley, 1977; Lotwick and Silverman, 1982) , which is defined as the expected standardized number of points of object 2 within a given distance t of an arbitrary point of object 1. The formula is defined as follows:
where λ 1 and λ 2 are the intensity (=expected number of points of object per unit area) of object 1 and object 2, respectively; A is area of the object2[l] is the distance between the kth location of object 1 and the lth location of object 2; and I(x) is the indicator function with the value 1 if x is true and 0 otherwise. In this study, object 1 and object 2 correspond to resin canals and cavitated tracheids, respectively. When object 1 and object 2 distribute independently, K 12 (t) is expected to increase squarely with increasing distance t, but this can be difficult to understand visually. Therefore, L 12 (t) is defined as follows:
By this definition, values of L 12 (t)=0 indicate that cavitated tracheids and resin canals are distributed independently of each other within distance t. Values of L 12 (t) >0 indicate that there are more cavitated tracheids within distance t of the resin canals than that which would be expected from a random distribution (attraction). Similarly, L 12 (t) <0 indicates that the cavitated tracheids are less frequent within distance t of the resin canals than one would expect randomly (repulsion). For 16 images, the L function was computed over the cavitated tracheids in 1 µm increments from each resin canal.
Estimation for pit deflection
We estimated the relationship between pit deflection and the hydraulic status in the sample subjected to the drought-rehydration experiment because the aspiration of the bordered pit membrane should have obstructed water flow across the cell to cell pathways of coniferous tracheids (Evert, 2006) . The digital images of the transverse surface observed with cryo-SEM were obtained in each specimen of the drought-rehydration experiment. Images with a magnification of ×700 were taken from the two directions from pith to cambium (i.e. two growth rings were included) in each specimen. The number of bordered pits, which showed the entire transverse section of the pit membrane (i.e. not broken during sample preparation), and the number of fully aspirated pit membranes were counted in each image. More than 60 pit membranes were investigated for each individual (137.6 ± 55.5, mean± 1 SD). The ratio of pit aspiration was calculated by dividing the number of aspirated pits by the total number of bordered pits.
Statistical analyses
We conducted all statistical analyses using the software package 'R' with the base package. We first verified the statistical error distribution of the response variable for fitting the generalized linear model (GLM) parameter in each analysis among Gaussian, lognormal, and gamma distribution. The changes in water potential or hydraulic conductivity responding to the day and experimental treatment were analyzed via a GLM. For the verification of L 12 (t) and the spatial patterning of the cavitated tracheids, the results from 16 images were aggregated, and the mean and the 95% confidence intervals were estimated via non-parametric bootstrapping (10 000 iterations).
Results
Cryo-SEM observations and disease symptoms
Explosive spreading of cavitations in the tracheids of the tested seedlings was observed in particular around the resin canals 12 d after inoculation (Fig. 2) . The spreading of cavitations around the resin canals was particularly prevalent in xylem formed in the previous year.
The 1-year-old latewood of the xylem had already lost water before the experimental inoculation (arrowhead in Fig. 2 ). The surfaces of ice within the tracheid around the resin canals observed with cryo-SEM seemed to be darker gray than those of other tracheids (Fig. 3a) , which indicated that the ice in tracheids around resin canals was easily sublimated during the etching procedures associated with the cryo-SEM observations. The occurrence of cavitations was linked with the formation of tylosoids (Fig. 3, arrowheads) , although we could not determine the sequence of the phenomena. Although PWN feeding of parenchyma cells has been suggested as one cause of induction of cavitations, we were not able to find either the destruction of epithelial cells or a high density of PWNs in the resin canals surrounded by empty tracheids (Fig. 3) . L 12 (t) was significantly lower than 0 up to a distance of ~70 µm, indicating that no tracheids were present within the distance of 70 µm from the center of resin canals because of the existence of resin canals and epithelium cells (Fig. 4) . L 12 (t) was significantly greater than 0, within the range of ~100-300 µm from the center of resin canals (Fig. 4) . This finding substantiates that cavitated tracheids are found around the resin canals in a frequency of occurrence greater than random chance in seedlings with PWNs. Following the dissipation of water and resin with the progression of PWD, many PWNs were observed in both the cambial zone and resin canals (Fig. 5) . In fact, cambial and epithelial cells suffered severe feeding damage in some saplings with PWNs (Fig. 5) . Under prolonged drought conditions, almost all tracheids maintained water in spite of a significant decrease in water potentials (Fig. 6) .
Visible browning under the PWN treatment was first observed in 1-year-old needles on the 11-14th day after PWN inoculation ( Fig. 2c, d ). However, green needles still remained high in water potential, even though there was a cavitation in the xylem (Figs 2, 6b) . When almost all water in xylem was lost on the 18th day, most of the 1-year-old needles browned and those that kept their green color exhibited decreased water potential (Fig. 2e, f) .
Changes in water potential and hydraulic conductivity
For describing water status of seedlings such as ψ predawn , ψ d , sapwood specific conductivity (K s ), and the ratio of pit aspiration in xylem, we chose the best models based on Akaike's information criterion (AIC) and showed the estimated parameters in Table 1 . In the PWN inoculation experiment, a gamma distribution with a log-link function provided the best curve fitting. In the drought-rehydration experiment, except for the temporal changes in ψ predawn , which were fitted by a lognormal distribution, we selected a Gaussian distribution as the error distribution of the response variables for the model fitting according to the AIC value. Temporal Fig. 2 . Changes in the water distribution across the transverse surface of the xylem of the main stem with the progression of PWD and the features of the sapling with its corresponding cryo-SEM image. Dark areas in the cryo-SEM images indicate cavitated tracheids in the xylem in situ. All samples were irrigated every 2 d (PWN+well-watered in Fig. 1 ). Days after inoculation and water potential at pre-dawn in the 1-year-old needles are shown in pairs. Green needles were used for the measurement of water potential. The arrowheads in the cryo-SEM images indicate the border of growth rings. The arrows in the saplings indicate the needles which showed visible symptoms of PWD. Scale bar=500 µm.
changes in water potential showed a similar pattern between ψ predawn and ψ d (Fig. 7) . In the drought-rehydration experiment, ψ d decreased linearly with number of days after prolonged drought treatment (Fig. 7a) . Rehydration by the resumption of irrigation recovered ψ predawn and ψ d to the level of that before prolonged drought (i.e. the control). ψ predawn and ψ d of seedlings inoculated with PWNs abruptly dropped 10-12 d after the inoculation, following continuously high values of ψ predawn and ψ d (Fig. 7b) . The abrupt decrease in water potential was significantly earlier for the Fig. 3 . Cryo-SEM images of xylem of the main stems in PWN+well-watered treatment on the sixth day (a), 12th day (b), and 14th day (c). The days after PWN inoculation are also shown. The arrows indicate the resin canal and the arrowheads indicate the tylosoids which were formed with the spreading of cavitation in tracheids. Scale bars=100 µm. PWN+water-stressed treatment than for the PWN+well-watered treatment (Table 1 ). All pine seedlings inoculated with the PWNs decreased less than -4 MPa in ψ predawn and ψ d , browned their 1-year-old needles, and died within ~30 d from inoculation. The decrease in ψ predawn was coupled with the expansion of the cavitated area (inset of Fig. 7a) . K s in the drought treatment showed a linear decrease with drought period, although prolonged drought did not induce a significant drop in K s ( Fig. 8a; Table 1 ). K s in the seedlings inoculated with PWNs decreased abruptly within a few days from the start of the PWN experiment (Fig. 8b) . Although the decrease in K s tended to occur earlier for the water-stressed seedlings than the well-watered seedlings (Fig. 8b) , similar to the responses with water potential (Fig. 7b) , there was no significant interaction between inoculation and water status ( Table 1 ). The decrease in K s of branches corresponded to the increase of cavitation area in the stem xylem (inset of Fig. 8b ).
There was no relationship between ψ predawn of needles and K s of branches in the drought-rehydration experiment (Fig.  9a) . In contrast, K s decreased significantly associated with a reduction in ψ predawn due to PWN infection ( Fig. 9b ; Table 1 ). The decrease in K s of PWN treatment in response to water potential was more moderate under well-watered than under water-stressed treatments ( Fig. 9b; Table 1) . K s in the PWN treatment should decrease prior to the decrease in ψ predawn according to the downward convex curve (Fig. 9b) . Figure 9 shows the typical status of pit and water content in tracheids associated with the changes in water potential.
Pit aspiration and water distribution in drought-rehydration
Cryo-SEM images magnified ×700 provided sufficient resolution to observe the relationships between water status and pit deflection in the tracheids (Fig. 10) . Although the sampling procedure may have some effects on the status of the pit membrane, we are confident that the rapid freezing of samples following the relaxation procedure would eliminate the sampling effects on the plants' anatomical status (e.g. Wheeler et al., 2013; Umebayashi et al., 2016b) . Whereas almost all pit membranes were centered between bordered pits in the seedlings with higher water potential (arrowheads in Fig. 10a) , the significant deflection of pit membranes was observed under lower water potential (arrows in Fig. 10b ). The ratio of pit aspiration (counted in the cryo-SEM images) increased linearly with the decrease in water potential ( Fig. 11 ; Table 1 ). The ratio of pit aspiration under rehydration was generally lower than the regression line with the recovery of water potential, indicating the elimination of pit aspiration (triangle symbols in Fig. 11 ).
Discussion
Specific mechanism of dehydration caused by PWD
In the present study, cryo-SEM microscopy permitted a high-resolution analysis of the origin of the patchy cavitations caused by PWD, which yielded additional insights over MRI observations (Utsumi et al., 1998; Fukuda et al., 2007; Yazaki et al., 2010; Umebayashi et al., 2011; Yazaki et al., 2015; Ogasa et al., 2016) . Here, we are the first to show that the cavitations in the tracheids surrounding resin canals are a mechanism for xylem conduit dysfunction in trees with PWD. This fundamental finding advances our knowledge and confirms thoughts by previous researchers who employed optical microscopy or MRI and believed that the patchy cavitations from PWD could be surrounding the resin canals (Sasaki et al., 1984; Odani et al., 1985; Kuroda, 1991) or ray parenchyma cells (Ikeda and Suzaki, 1984; Fukuda et al., 2007) . Our spatial analysis using the cross-type L function demonstrated that the patchy cavitations occur disproportionately around the resin canals with the progression of PWD. Our results confirmed earlier studies showing that the abrupt decrease in water potential and hydraulic conductivity caused by PWD should be induced by cavitation expansion (e.g. Fukuda, 1997; Kuroda, 2008) .
According to the 'air-seeding' hypothesis, an air bubble enters conduits by an increase in tension to the sap column. The longevity of the bubble will be determined by the surface tension of the sap, which will ultimately collapse the bubble, or expand until it fills the whole conduit (Tyree and Zimmermann, 2002) . The ice in the tracheids localized around the resin canal was easy to melt in the seedlings infected by PWNs based on cryo-SEM observation (Fig. 3) , which suggests a denaturation of sap. In contrast, we observed no spread of cavitation associated with cellular damage; rather, based on simultaneous observation of both water relations and the cells (Figs 2, 3) , we confirmed that the formation of tylosoids in the resin canals corresponded to the triggering of cavitations. Thus, the wide spread of cavitations in the xylem infected by the PWNs might be involved in the reaction (i.e. forming tylosoids) or denaturation of epithelium cells surrounding the resin canals. The formation of tylosoids with the progress of PWD was observed by optical microscopy (Ikeda and Suzaki, 1984; Ikeda and Kiyohara, 1995; Fukuda, 1997) . Whereas few studies have examined the anatomical structure of epithelium cells, or the physical property of sap surrounding resin canals in coniferous species, our results showed the possibility that the compound produced in 
Needle discoloration corresponding to xylem cavitation triggered by PWD
The cavitations, caused by PWD, initiated in the growth ring formed in the previous year (Fig. 2) . In some evergreen coniferous tree species, the leaves make a strong hydraulic connection to the xylem formed in the same year (Maton and Gartner, 2005) . Thus, 1-year-old discoloration of needles with PWD should correspond to the higher hydraulic vulnerability of the previous-year xylem under the infection by PWN, while the discoloration was thought to be correlated with the chemicals produced by PWN infection (Ueda et al., 1984; Oku et al., 1985; Mamiya et al., 1989) . Essentially, older xylem could have lower tolerance to cavitation than younger xylem due to accumulated stress by repeated drought (i.e. 'cavitation fatigue') (Hacke et al., 2001; Brodersen et al., 2013; Fukuda et al., 2015) . Using acoustic emission (AE), the pattern of xylem cavitation occurrence in the seedlings with PWD could be divided into two phases: the first phase is associated with the occurrence of patchy cavitation, and the second phase is due to the spread of explosive cavitation ('runaway embolism') (Ikeda, 1996a; Fukuda et al., 2007; Kuroda, 2012) . In our study, even when cavitation was spreading in the previously formed growth ring, many needles kept their green color (Fig. 2c, d ), and water potential remained high (Figs 2, 6b ). This means that the visible symptoms of PWD (discoloration) in needles followed a cavitation in the xylem as PWD progressed. Thus, careful and early observations of xylem water relations are needed for the PWD diagnosis of any individual tree suspected to be infected by PWNs.
Hydraulic segmentation under prolonged drought might exist at the cellular level in Pinus thunbergii
Woody plants have several strategies to cope with drought stress under periods of prolonged water shortage. To maintain water in the main stem, which is difficult to replace under severe drought, petioles have hydraulically vulnerable conduits for the separation of the water column between the main stem and the leaves ('hydraulic segmentation') (Tyree et al., 1993) . In coniferous species, such hydraulic segmentation (a) is the relationship between the percentage of cavitated area of the basal stem and ψ predawn . Logarithmic curves with a gamma distribution were fitted using a generalized linear model, except for ψ predawn which was fitted with logarithmic curves with a Gaussian distribution and ψ d which was fitted with a linear curve in the drought-rehydration experiment. In each left panel of (a) or (b), the solid curve and dashed curve denote drought-rehydration and well-watered treatments, respectively, and dashed arrows denote the recovery of water potential with rehydration treatment in each sapling. The solid curve and dashed curve in each right panel of (a) or (b) denote PWN+well-watered and PWN+water-stressed, respectively.
between needles and branches should be essential because of the difficulty in refilling empty tracheids (Johnson et al., 2012) . The constant K s under prolonged drought (Fig. 8 ) against decreasing water potential in the drought treatment of this study revealed the existence of hydraulic segmentation between the main branch and needles in P. thunbergii. Surprisingly, almost all tracheids in the main stem held their water under severe water potential gradients in needles (Fig. 6) , suggesting higher drought tolerance in P. thunbergii. The pit aspiration prior to water dissipation in tracheids with decreased water potential (Figs 9b, 10) can be very significantly effective for the cavitation resistance (Domec et al., 2006; Delzon et al., 2010) and the rapid recovery of conductance in the improvement of water supply since coniferous trees do not need to produce new xylem for the restoration of hydraulic function (Brodribb et al., 2010) . While the force of pit aspiration between two conductive tracheids is unclear, a physical model predicted that a pit membrane can possibly deflect under a slight water potential gradient (less than -0.1 MPa) (Domec et al., 2006) . In addition, a torus of the deflected pit membrane may adhere to the secondary cell wall of a pit border by the potential gradient of residual water between a functional tracheid and an isolated tracheid, or by Van der Waals force of gel-like pectin in a primary wall structure of the torus (Maschek et al., 2013) . These dynamics of pit membranes under a fluctuating water regime may help avoid fatal hydraulic failure since the decrease and recovery of ψ predawn should involve both the aspiration and release of pit membranes from pit apertures of the bordered pits in the main stem (Fig. 11) .
Differences in the underlying mechanism producing conduit dysfunction between drought and PWD
Compared with water loss from prolonged drought, xylem conduit dysfunction and water loss with PWD originates within the resin canals. These explosive cavitations, possibly corresponding to the changes in water properties of tracheids ( Fig. 3a) with PWD, would be unavoidable because of the lack of hydraulic segmentation at the cellular level which is intrinsic to pine trees (Fig. 10) . It has been reported that pit membranes of bordered pits in trees with PWD were covered 9 . The relationship between the water potential at pre-dawn (ψ predawn ) and sapwood specific conductivity (K s ) in (a) drought-rehydration treatment and (b) PWNs combined with the two water treatment regimes. There was no relationship between the ψ predawn and K s in the drought-rehydration treatment. In the PWN treatment, logarithmic curves with a gamma distribution were fitted using a generalized linear model. The solid curve and dashed curve in (b) denote PWN+well-watered and PWN+water-stressed, respectively.
with resin-like materials (Fukuda et al., 1992; Ikeda and Kiyohara, 1995) . The changes in sap composition around resin canals might alter the pit membrane physicochemical properties . Such changes to pits membrane properties might increase the vulnerability of cavitation with PWD and could easily induce a runaway embolism with increasing water tension.
Water stored in tracheids under prolonged drought is essential to facilitate the recovery of water relations with irrigation. Brodribb et al. (2010) suggested that the recovery of hydraulic function in coniferous species suffering severe water shortage would be compensated by newly formed tracheids in the outer side of the xylem. Maintained cambial activity producing functionally newer tracheids would facilitate the recovery of hydraulic function in pine seedlings with PWNs (Sasaki et al., 1984; Ikeda, 1996b) . Therefore, avoidance of damage in the cambium should be one of the key factors which determine the tolerance against PWD. However, for almost all dead seedlings, our cryo-SEM observation showed that the extensive damage to cambiums by PWNs (Fig. 5a ) is unlikely to lead to a recovery of hydraulic function under the advanced stage of PWD.
Under natural field conditions, trees damaged by PWD more frequently appeared on ridges where the water content tends to be lower (Mamiya, 1983) . In contrast, Miki et al. (2001) reported that prolonged drought can facilitate tolerance against the progression of PWD. In this study, water stress enhanced the physiological damage of the seedlings with PWD. Given our experimental set-up, it is possible that water-stressed seedlings had not acquired anatomical tolerance to cavitation. Xylem with a higher density, thicker cell walls, and a narrower lumen diameter might ameliorate the hydraulic damage with the progression of PWD. Further experiments of PWN inoculation using continuous drought for several years would clarify the drought-induced progression of PWD symptoms.
Conclusion
Using cryo-SEM, this is the first known study to demonstrate conclusively that cavitations in the tracheids surrounding resin canals are a mechanism for xylem conduit dysfunction in trees with PWD. Moreover, irrecoverable hydraulic dysfunction in the xylem of pine seedlings infected by PWD was probably caused by an insufficient cellular level segmentation mechanism to help prevent the spread of cavitation in the xylem. Direct Fig. 10 . Typical cryo-SEM images of the xylem of the main stem in the saplings just prior to the drought treatment (a) and after prolonged drought (b) . Water potential at pre-dawn of 1-year-old needles before relaxing tension is also shown in the shaded boxes in the left-hand corner of each figure. Arrowheads indicate the pit membrane, which is centered in the pit cavity. Arrows indicate the pit deflection without cavitation of the tracheid. The two images have the same magnification (scale bar=20 µm). Fig. 11 . Decrease in water potential at pre-dawn (ψ predawn ) as the progression of dehydration would cause the pit aspiration in the xylem of the main stem. Note that the rehydrated samples experienced the drought at -1.4 MPa to -3.1 MPa in water potential at pre-dawn just before rehydration. A linear curve was chosen as the best-fit model according to the value of the AIC in a generalized linear model. Each point represents each individual seedling for dehydrated seedlings with different drought durations (n=16) and/or rehydrated seedlings (n=6).
observation of the water status in tracheids related to pit status under progressive drought suggests that conifers could control water flow to prevent total cavitation in the xylem. In contrast to progressive drought, pine trees do not seem to have any mechanism to repress PWD-induced cavitations from the resin canal as they lack hydraulic segmentation among conduits. Further investigation is needed in particular for the occurrence of cavitation; we must clarify the physiological and hydraulic meaning of the formation of tylosoids and half-bordered pit closure from the viewpoint of hydraulic significance.
